We have prepared organic photovoltaic (OPV) cells possessing an ideal bulk heterojunction (BHJ) structure using the self-assembly of copper phthalocyanine (CuPc) as the donor material and fullerene (C 60 ) as the acceptor. The variable self-assembly behavior of CuPc on a diverse range of substrates (surface energies) allowed us to control the morphology of the interface and the degree of carrier transportation within the active layer. We observed rod-like CuPc structures on indium-tin oxide (ITO), poly(3,4-ethylenedioxythiophene)-poly(4-styrenesulfonate) (PEDOT:PSS) and Au substrates. Accordingly, the interfaces and continuing transport path between CuPc and fullerene domains could be greatly improved due to the ideal BHJ structure. In this paper, we discuss the mechanisms of producing CuPc rod-like films on ITO, PEDOT:PSS and Au. The OPV cell performance was greatly enhanced when a mixture of horizontal and vertical CuPc rods was present on the PEDOT:PSS surfaces, i.e. the power conversion efficiency was 50 times greater than that of the corresponding device featuring a planar CuPc structure.
Introduction
Over the past two decades, organic photovoltaics (OPVs) have received a tremendous amount of attention because of their potential application as green energy devices [1] [2] [3] . Indeed, the study of small-molecule solar cells is among the most developed fields of OPVs [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In conventional small-molecule PV systems, the properties of planar heterojunctions (HJs), mixed donor-acceptor (DA) HJs and thermodynamically driven HJs (figures 1(a)-(c)) have been discussed widely [3, [14] [15] [16] . In typical planar HJ (bilayer DA) devices, a large degree of photogeneration is sacrificed because of the limited exciton diffusion length (LD): hence, the overall power conversion efficiency (PCE) is limited. The exciton diffusion bottleneck has been overcome through the introduction of bulk HJs through co-deposition of the D and A materials; nevertheless, poor charge transport results in low PCE. Although annealing the DA mixture at high 4 Author to whom any correspondence should be addressed. temperature to induce phase segregation in the solid state [3] and introducing a DA mixture between D and A layers have been applied successfully to achieve a large DA interface for exciton separation [14] [15] [16] , the thermodynamically driven random distribution of D and A materials and the limited size of the interfaces for charge transfer can result in inefficient PCE in both of these cases.
Recently, Forrest et al used organic vapor phase deposition (OVPD) to grow copper phthalocyanine (CuPc) nanorods onto ITO substrates to form an OPV possessing an ideal BHJ structure [17] [18] [19] . This structure plays a significant role in determining the exciton diffusion efficiency, as illustrated in figure 1(d) . The photovoltaic performance of such devices can be improved further when the well-controlled CuPc rods are aligned vertically between the two electrodes; in this case, the quality of the interfaces between the D and A layers could be greatly enhanced, thereby reducing the number of hopping events required for efficient charge transport. For example, a high photocurrent and a low recombination of carriers inside the active layer can be obtained when the diameter of the CuPc rods is controlled within the exciton diffusion length of CuPc (about 10 ± 3 nm) [4] . Nevertheless, the fabrication and welldefined vertical alignment of CuPc rods remain difficult tasks.
In a previous study, we measured the field emission properties of CuPc nanofibers formed through low-temperature self-assembly, controlling the deposition conditions using a thermal evaporator (TE) [20] . In contrast, other OVPD systems required a high evaporation temperature (>400
• C) and a carrier gas to fabricate the CuPc rod-like films [17] [18] [19] . Using these approaches, CuPc nanorods possessing small diameters (<50 nm) and high-quality vertical arrays (ideal BHJ structure) cannot be formed directly. In this paper, we present a simple method for constructing similar CuPc rod-like films using a commercially available TE. The surface energy of the substrate can be modified to control the morphology of the CuPc film at lower evaporation temperatures (<200
• C). Although a number of authors have reported various CuPc morphologies [21, 22] , we currently do not have a full understanding of the mechanism of CuPc rod formation. In this study, we used scanning electron microscopy (SEM), grazing incident x-ray diffraction spectroscopy (GIXRD), high-resolution transmission electron microscopy (HRTEM), tapping-mode atomic force microscopy (AFM), x-ray photoelectron spectroscopy (XPS) and contact angle analysis to investigate the growth mechanisms of rodlike CuPc films on Au and PEDOT:PSS films. We obtained highly controllable rod-like CuPc films though the formation of intermolecular π-π stacking interactions within a TE. We then utilized these morphologically controlled CuPc structures as ideal BHJ structures within OPV devices ( figure 1(d) ). Herein, we discuss the PV performance of four kinds of HJ structures: planar HJs (PHJ), horizontal rod-based BHJs (h-BHJ), a mixture of horizontal and vertical rod-based BHJs (m-BHJ), and vertical rod-based BHJs (v-BHJ).
Experimental details
The donor (D) material used in the devices was copper phthalocyanine (CuPc), obtained from Sigma-Aldrich (sublimation grade) without further purification; it was sublimed onto various anodes. The acceptor (A) material was fullerene (C 60 ), obtained from Sigma-Aldrich (sublimed, 99.9%) and used as received. 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) was purchased from Sigma-Aldrich (99.5%) and used as a exciton blocking layer.
The small-molecule solar cells had the following device structure: anode/CuPc (200Å)/CuPc:C 60 (100Å)/C 60 (300Å)/BCP (75Å)/Al (1500Å). The cells were fabricated on ITO glass (Sanyo) substrates, which were cleaned with organic solvents and a plasma cleaner prior to use. The CuPc films were grown through vacuum sublimation in a thermal evaporator at a base pressure of about 3 × 10 −6 Torr. CuPc (C 32 H 16 CuN 8 ) was sublimed onto various anodes, including ITO, PEDOT:PSS-coated ITO (PITO) and Au-coated ITO (AITO), from a heated crucible (about 170
• C). The corresponding deposition rates, determined using a quartz crystal microbalance, were about 3Å s −1 ; the morphologies of the CuPc films were controlled using various substrates at various substrate temperatures (T sub ).
A JEOL JSM-6500F SEM was used to investigate the thickness and morphology of the CuPc films and the cross section of the solar cell devices. The crystalline phase of CuPc films was characterized by GIXRD, using a BEDE D1 system and Cu Kα radiation. The incident angle of the x-ray beam was fixed at 0.5
• . Ultraviolet-visible (UV-vis) spectra were measured using a Perkin-Elmer Lambda 20 UV-vis spectrophotometer. The structures of the CuPc nanorods were imaged and analyzed using a JEOL-2010F high-resolution TEM equipped with an Oxford energy-dispersive spectrometer. Contact angles and surface energies were measured and calculated using the geometric mean approximation (GMA) from the FTA-200 dynamic contact analyzer and two standard liquids: H 2 O and CH 2 I 2 . All devices were treated at 150
• C for 0.5 h. Current-voltage (I -V ) measurements of the OPV devices were conducted using a computer-controlled Keithley 2400 source measurement unit (SMU) equipped with a Peccell solar simulator (AM 1.5, 100 mW cm −2 ). The phase diagram of the PEDOT:PSS films was analyzed using a VEECO DICP-II AFM operated in the tapping mode (Si tips on Si cantilevers; spring constant: 2 N m −1 ; set point: about 0.8-0.9) in air. XPS data were obtained using a VG Scientific Microlab 350 spectrometer operated in the constant-analyzer energy mode (pass energy: 50 eV; excitation source: Mg Kα, 1253.6 eV). XPS measurements were performed at room temperature and at pressures of less than 10 −10 Torr.
Results and discussion
In a previous study [20] , we found that the substrate temperature (T sub ) was an important factor controlling the dimensions and densities of the resulting CuPc nanofibers. When T sub increased from 100 to 200
• C, the two competitive phenomena of absorption and desorption affected the formation of the rod-like CuPc films on these substrates. For instance, we obtained longer, wider, lower density CuPc nanofibers on Au substrates when the value of T sub was 200
• C and the heated crucible temperature was 170
• C, relative to those obtained when T sub was 100
• C. In this present study, we selected a substrate temperature of 100
• C to obtain a higher fiber density of smaller-diameter CuPc nanorods. As use as OPV materials, vertically aligned rod-like structures should allow efficient hole carrier transport by reducing the number of hopping events between CuPc units; we expected high fiber densities and smaller diameters to provide larger interfaces for a high-throughput photocurrent after depositing C 60 . The dimensions of vertically arrayed CuPc rods can be optimized to provide improved OPV performance. In this study, we prepared rod-like CuPc films of various lengths by changing the deposition time. The heights of the surfacegrown rod-like films were controlled using a quartz crystal microbalance; we chose values of 100, 200, 300 and 500Å, respectively (figures 3(a)-(d)). On the AITO substrate, we observed similar thicknesses for the continuous CuPc films formed under the same conditions (cf figures 3(b) and (c)), suggesting that the growth mechanism may be divided into two steps. In the first step, CuPc tends to form a planar structure (about 40 nm); in the second step, CuPc rods of various lengths grow from the surface of this film. This growth mechanism presumes that the CuPc underlayer presents deposition sites for the formation of the resulting CuPc rods [23] . were independent of the deposition time, their lengths were controllable by changing the deposition time. Figure 3 (e) provides a cartoon representation of the surface growth of the CuPc rods; the thickness of the film grown in the first step is represented by the letter T , and the length and diameter of the rods grown in the second step are represented by the letters L and D, respectively. When a thickness of 100Å was selected from the quartz crystal microbalance, the value of L of the vertical CuPc rods was about 25-30 nm with an aspect ratio of about 1-1.2; T was too thin to identify ( figure 3(a) ). The vertical CuPc rods in the 200Å thick sample had rod 
• C) and (e) CuPc powders.
dimensions ranging from 45 to 90 nm, with an aspect ratio in the range 1.8-3.6 and a value of T of about 35 nm ( figure 3(b) ).
In figure 3 (c), the value of L of the vertical CuPc rods (300Å thick) was about 90-150 nm, with an aspect ratio of about 3.6-6 and a value of T of 35-40 nm. The value of L of the vertical CuPc rods (500Å thick) was about 90-1000 nm with an aspect ratio of about 3.6-40 and a value of T of about 70 nm ( figure 3(d) ). Consequently, when a thicker CuPc layer was deposited, the length of the CuPc nanorods lacked uniformity and they were poorly vertically arrayed. To produce highly folded DA interfaces with higher exciton diffusion efficiency and fewer defects, we selected the CuPc rods of shorter length and higher vertically arrayed structure in figure 3 (b) to further investigate their potential PV cell applications. The two principal phases of CuPc are the so-called α and β phases [23] . The conductivity of the β film (2 × 10 −6 S m −1 ) is much lower than that of the α film (2 × 10 −4 S m −1 ) [24] , presumably because the overlap in the π-π stacking is higher in the α phase than in the β phase. After annealing or depositing at temperatures greater than 200
• C [25] , the β-phase CuPc films reveal a 2θ peak at 7.02
• . Figure 4 presents GIXRD spectra of the CuPc powders and CuPc films formed on the various substrates at values of T sub of 25 and 100
• C. By controlling the surface energy of the ITO substrate and varying the value of T sub , all of the CuPc films could be formed in the α phase with a signal at a 2θ value at 6.83
• ; such high-conductivity α-phase CuPc rod-like films are suitable for mediating exciton transport within OPV devices. • C; figure 5(e) presents the corresponding EDX analysis. CuPc rods having a diameter of about 25 nm formed on top of the Au NPs, presumably through crystallization. In our previous study [20] , we found that CuPc molecules deposited on either a continuous Au layer (about 250Å) or an Au NP layer (about 20Å) exhibited vertical rod-like structures when T sub was 100
• C. Our present findings reveal that the surface energy and the temperature of the substrate are two major factors affecting the formation of the various CuPc morphologies (table 1). The variation in morphology that occurred upon increasing the temperature can be explained by considering the following equation [26] :
where γ is the surface energy at temperature T and γ 0 is the surface energy at the critical temperature (T c ); the value of n may be close to unity for anodes. As the temperature increases, substrates having a lower surface energy (e.g. the value of γ 0 for Au is 39.40 mJ m −2 ) would induce vertical alignment of CuPc rods, whereas horizontal CuPc rods would grow on high-surface-energy surfaces (e.g. the value of γ for ITO is 62.62 mJ m −2 ). Although the surface energy of PEDOT:PSS (about 74.28 mJ m −2 ) is higher than that of ITO, we obtained a mixture of horizontal and vertical CuPc rods. This random distribution of horizontal and vertical rods may have arisen from the inconsistent surface energy of PEDOT:PSS, which is composed of hydrophilic PSS components and hydrophobic PEDOT:PSS domains that undergo nanophase separation, as observed in AFM phase images [27] . To verify the origin of morphological variation of the sample formed on the PEDOT:PSS surface, we calculated the surface energies obtained from cohesive energy density (CED) and XPS analyses and examined AFM and SEM images to distinguish the factors affecting the growth of horizontal and vertical CuPc rods (figure 6). The individual surface energies of PEDOT and PSS solid films can exhibit large variations; we estimated the surface energies (γ ) of PEDOT and PSS from the cohesive energy density (CED) values obtained using the empirical equation given by Zisman [28] : Table 2 lists the surface energies calculated using equations (2) and (3). The cohesive energies (E coh ) and molecular volumes (V mol ) of the various structural groups were obtained from the literature [29] ; the individual groups of PEDOT and PSS are also listed in table 2. Accordingly, we estimated the surface energies of PEDOT and PSS to be 50.59 and 74.29 mJ m −2 , respectively, suggesting that outof-plane CuPc rods would form on PEDOT domains (γ = 50.59 mJ m −2 ) and in-plane CuPc rods on PSS domains (γ = 74.29 mJ m −2 ). From contact angle analysis, we found that the surface energy of the PEDOT:PSS film was about 74.28 mJ m −2 , close to the value calculated for PSS. This result indicates that traditional contact angle analysis cannot be used alone to determine the effect of the surface energy on the growth of CuPc nanorods. In addition, our findings suggest that variations in the surface energy on the PEDOT:PSS surface were probably responsible for the variations in the CuPc morphology. The topography and phase images of the PEDOT:PSS film (figures 6(a) and (b)) were similar to those reported by Crispin et al [27] , with separated PEDOT:PSS and PSS domains. In the phase image, the hard domains appear as bright regions, which we attribute to PEDOT:PSS domains, whereas the dark regions denote the soft segments that belonged to excess PSS domains [27] . The main morphological feature of the PEDOT:PSS film is a homogeneous distribution of the two components on the nanoscale. Figure 6 (c) displays a top-view SEM image of the rod-like CuPc film deposited on the PEDOT:PSS film. The distribution of vertical CuPc domains is similar to the distribution of PEDOT:PSS domains in the PSS matrix. Figure 6 (d) displays a cross-sectional image that we used to provide an estimate of the percentage of vertical CuPc rods (about 13-16%). The XPS analysis also indicates that the atomic percentage of PEDOT was about 15.8% ( figure 6(e) ). The combined results from the AFM, XPS and surface energy analyses suggest that vertical CuPc rods prefer to grow on the surfaces of the PEDOT:PSS domains (PEDOT-rich domains), whereas CuPc tends to form horizontal-rod structures in the PSS domains (PSS-rich domains).
We fabricated OPV cells (glass/anode/CuPc/CuPc:C 60 / C 60 /BCP/Al) [4] featuring ITO (work function (WF) = 4.8 eV), PEDOT:PSS (WF = 5.2 eV) and Au (WF = 5.2 eV) as anodes; figure 7 (A) provides a schematic energy level diagram. In an ideal photovoltaic device, the electrode must have high transparency and the active layer must exhibit high absorption of visible light. Figure 7 (B) presents the transmittance behavior of the fully processed solar cells. The absorption of CuPc reaches its maximum at 620 nm; the transmittance of the pristine ITO glass at 620 nm was 83.5% ( figure 7(B)-a) . After a thin Au film (about 20Å) had been deposited, the transmittance at 620 nm of AITO decreased to 65% ( figure 7(B)-b) . After the active layers had been deposited onto AITO (figures 7(B)-c and 7(B)-d), the transmittance in the range 350-800 nm decreased substantially. Table 2 . Calculated values of surface energy for polymers [28, 29] . in this cell was about 120 nm; note, however, that it could be controlled by changing the deposition time.
We conducted comparative experiments ( figure 8(A) ) of OPV devices featuring the various HJ morphologies, including PHJ (CuPc on ITO or PITO; T sub = 25
• C), h-BHJ (CuPc on ITO; T sub = 100
• C), m-BHJ (CuPc on PITO; T sub = 100
• C) and v-BHJ (CuPc on AITO; T sub = 100
• C). The CuPc morphology was affected by the substrate temperature, with higher values of T sub decreasing the surface energy of a particular substrate, thereby resulting in rod-like films. We constructed the PHJ structure at a value of T sub of 25
• C; we obtained the rod-like structures at substrate temperatures of 100 • C. Figure 8 (B) reveals the J -V curve characteristics of devices having the configuration anode/CuPc (200Å)/CuPc:C 60 (1:1) (100Å)/C 60 (300Å)/BCP (75Å)/Al under illumination at 100 mW cm −2 ; these devices were all annealed at 150
• C for 30 min prior to testing. In the absence of thermal treatment, the variation of PCE values of devices based on rod-like structures (i.e. h-BHJ, m-BHJ and v-BHJ) was large from different batches. Because many defects existed at the interdigitated DA interfaces, their performance was sacrificed as a result of large interfacial resistances. Table 3 summarizes the performance of each device. The PHJ devices (a) and (b), which we constructed on CuPc/ITO and CuPc/PITO, respectively, performed poorly, as expected. Device (c) possessing the h-BHJ structure exhibited somewhat improved performance. The cell of device (d), incorporating the m-BHJ structure, exhibited the highest value of PCE (0.509%) among this series of devices. Notably, device (e), containing the ideal v-BHJ structure, performed poorly; its value of PCE was lower than that of device (d), primarily because of a remarkable decrease in current density, which we suspect was caused by the different UV-vis spectra of these devices, i.e. the absorption of visible light was reduced by the presence of the Au layer. Thus, although we managed to form the ideal BHJ structure on the Au substrate, there are some problems that must be solved if it is to perform well in solar cells. Because device (e) exhibited a smaller open-circuit voltage than that of either device (c) or (d), one such issue may be current shunt paths between ITO and CuPc caused by the non-continuous Au NP films [18] . Another issue may be the formation of defects between the interdigitated DA interfaces during this TE process, which would obviously occur to a lesser degree in the h-BHJ and m-BHJ device structures [17] . Therefore, the best performing BHJ solar cell was the m-BHJ device, which we suspect contained a lower number of packing defects and a lower density of vertical CuPc nanorods in the active layer.
Conclusion
We have constructed low-molecular-weight organic solar cells using CuPc as the donor and C 60 as the acceptor and featuring four types of CuPc morphology. The CuPc morphology could be controlled by varying the surface energy and temperature of the substrates. When using ITO, PITO and AITO as the substrates, the resulting CuPc morphologies were horizontal rods, a mixture of horizontal and vertical rods, and vertically aligned rods, respectively. Thus, substrates possessing lower surface energies (e.g. Au: γ 0 = 39.40 mJ m −2 ) induced vertical alignment of the CuPc rods, with horizontal CuPc rods forming on high-surface-energy surfaces (e.g. ITO: γ 0 = 62.62 mJ m −2 ). A combination of AFM, XPS and surface energy analyses suggested that vertical CuPc rods preferred to grow on the PEDOT-rich domains of the PITO surface, whereas horizontal CuPc rods formed preferably on its PSSrich domains. CuPc rods possessing controllable diameters (about 25 nm) and lengths (about 25-1000 nm) were obtained on AITO; they possessed an interdigitated DA structure similar to that of an ideal BHJ solar cell. After thermal annealing the devices at about 150
• C for 30 min, we observed (from GIXRD analysis) no changes in the crystal phases: the CuPc layers maintain the high conductivity α phase through the process. Thus, the values of PCE of CuPc/C 60 -based solar cells can be enhanced as a result of the higher degree of folded interfaces upon changing the CuPc structure from planar to horizontal and vertical rods.
